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M
any two-dimensional (2D) materials exist in bulk form as stacks of strongly bonded layers with weak interlayer attraction, allowing exfoliation into individual, atomically thin layers 1 . The form receiving the most attention today is graphene, the monolayer counterpart of graphite. The electronic band structure of graphene has a linear dispersion near the K point, and charge carriers can be described as massless Dirac fermions, providing scientists with an abundance of new physics 2, 3 . Graphene is a unique example of an extremely thin electrical and thermal conductor 4 , with high carrier mobility 5 , and surprising molecular barrier properties 6, 7 . Many other 2D materials are known, such as the TMDCs 8, 9 , transition metal oxides including titania-and perovskite-based oxides 10, 11 , and graphene analogues such as boron nitride (BN) 12, 13 . In particular, TMDCs show a wide range of electronic, optical, mechanical, chemical and thermal properties that have been studied by researchers for decades 9, 14, 15 . There is at present a resurgence of scientific and engineering interest in TMDCs in their atomically thin 2D forms because of recent advances in sample preparation, optical detection, transfer and manipulation of 2D materials, and physical understanding of 2D materials learned from graphene.
The 2D exfoliated versions of TMDCs offer properties that are complementary to yet distinct from those in graphene. Graphene displays an exceptionally high carrier mobility exceeding 10 6 cm 2 V -1 s -1 at 2 K (ref. 16 ) and exceeding 10 5 cm 2 V -1 s -1 at room temperature for devices encapsulated in BN dielectric layers 5 ; because pristine graphene lacks a bandgap, however, fieldeffect transistors (FETs) made from graphene cannot be effectively switched off and have low on/off switching ratios. Bandgaps can be engineered in graphene using nanostructuring [17] [18] [19] , chemical functionalization 20 and applying a high electric field to bilayer graphene 21 , but these methods add complexity and diminish mobility. In contrast, several 2D TMDCs possess sizable bandgaps around 1-2 eV (refs 9,14) , promising interesting new FET and optoelectronic devices.
TMDCs are a class of materials with the formula MX 2 , where M is a transition metal element from group IV (Ti, Zr, Hf and so on), group V (for instance V, Nb or Ta) or group VI (Mo, W and so on), and X is a chalcogen (S, Se or Te). These materials form layered structures of the form X-M-X, with the chalcogen atoms in two hexagonal planes separated by a plane of metal atoms, as shown in Fig. 1a . Adjacent layers are weakly held together to form the bulk crystal in a variety of polytypes, which vary in stacking orders and metal atom coordination, as shown in Fig. 1e . The overall symmetry of TMDCs is hexagonal or rhombohedral, and the metal atoms have octahedral or trigonal prismatic coordination. The electronic properties of TMDCs range from metallic to semiconducting, as summarized in Table 1 . There are also TMDCs that exhibit exotic behaviours such as charge density waves and superconductivity [22] [23] [24] , but are beyond the scope of the present review. The layer-dependent properties of TMDCs have recently attracted a great deal of attention. For example, in several semiconducting TMDCs there is a transition from an indirect bandgap in the bulk to a direct gap in the monolayer: for MoS 2 the bulk indirect bandgap of 1.3 eV increases to a direct bandgap of 1.8 eV in single-layer form 25 . The direct bandgap also results in photoluminescence from monolayer MoS 2 , which opens the possibility of many optoelectronic applications 25 . The electronic structure of MoS 2 also enables valley polarization, which is not seen in bilayer MoS 2 (refs 26-28) . In general, there are many interesting layer-dependent properties in 2D materials, including graphene and TMDCs, which differ greatly from the properties of the bulk materials.
Electronics and optoelectronics of two-dimensional transition metal dichalcogenides
Although TMDCs have been widely studied for decades, their role as near-atomically thin materials is new, and this Review aims to introduce readers to what is known and to suggest possibilities for many exciting developments.
Top-down methods. Atomically thin flakes of TMDCs can be peeled from their parent bulk crystals by micromechanical cleavage using adhesive tape 1, [29] [30] [31] [32] [33] [34] [35] , applied to substrates and optically identified by light interference 36, 37 , using the same techniques that were developed for graphene. A bulk crystal of MoS 2 is shown in Fig. 1d , and a monolayer flake of MoS 2 derived from micromechanical cleavage is shown in Fig. 1b ,c. Other layered materials such as BN (refs 1,12,29) and oxide nanosheets 10, 38 can also be mechanically exfoliated into single sheets by this method. Mechanical cleavage produces single-crystal flakes of high purity and cleanliness that are suitable for fundamental characterization [30] [31] [32] [33] and for fabrication of individual devices 11, 31, 32, 34, 35, [39] [40] [41] . This method is not scalable, however, and does not allow systematic control of flake thickness and size. Recently, a focused laser spot has been used to thin MoS 2 down to monolayer thickness by thermal ablation with micrometre-scale resolution, but the requirement for laser raster scanning makes it challenging for scale-up 42 . For obtaining large quantities of exfoliated nanosheets, liquidphase preparations of TMDCs are very promising. They permit additional applications such as composites and hybrids by simple mixing of dispersions of different materials 43, 44 , and thin films and coatings by filtration, inkjet printing, spray coating and doctor blading. Because solution-based graphene has been used to make highfrequency flexible electronics with a current gain cut-off frequency of 2. 49, 50 . The intercalation of TMDCs by lithium was demonstrated in the 1970s (ref. 51) , and the intercalation-driven exfoliation was first advanced by Morrison, Frindt and co-workers 47 . The typical procedure involves submerging bulk TMDC powder in a solution of a lithium-containing compound such as n-butyllithium for more than a day to allow lithium ions to intercalate, followed by exposing the intercalated material to water. The water reacts vigorously with the lithium between the layers to evolve H 2 gas, which rapidly separates the layers 47, 49 . Solution-phase MoS 2 flakes derived from lithium-based intercalation and exfoliation are shown in Fig. 2b .
Such chemical exfoliation methods produce gram quantities of submicrometre-sized monolayers 52 , but the resulting exfoliated material differs structurally and electronically from the bulk material 49 . In particular, for MoS 2 the process changes the electronic structure of the exfoliated nanosheets from semiconducting to metallic, and the Mo atom coordination is changed from trigonal prismatic (2H-MoS 2 ) to octahedral (1T-MoS 2 ) 49, [53] [54] [55] . Annealing at 300 °C can cause a phase change from 1T-MoS 2 to 2H-MoS 2 , restoring the Mo atom coordination, and restoring the semiconducting bandgap of the pristine material, as evidenced by the re-emergence of bandgap photoluminescence 49 . An alternative method of lithiation that is faster and more controllable uses an electrochemical cell with a lithium foil anode and TMDC-containing cathode, as recently demonstrated by Zeng et al. 50, 57 . Because the intercalation occurs while a galvanic discharge is occurring in the electrochemical cell, the degree of lithiation can be monitored and controlled. The resulting Li- (ref. 57) . This method requires only several hours for Li intercalation, compared with more than a day for the n-butyllithium method.
Alternatively, TMDCs can be exfoliated by ultrasonication in appropriate liquids, including organic solvents, aqueous surfactant solutions, or solutions of polymers in solvents 43, 44, 58, 59 . Typically, ultrasonication results in the mechanical exfoliation of layered crystals to give flakes that are a few hundred nanometres in size. The exfoliated nanosheets are stabilized against re-aggregation either by solvation or by steric or electrostatic repulsion due to the adsorption of molecules from solution. Solutions of 2D layered materials exfoliated in organic solvents are shown in Fig. 2a , along with thin films from filtration of solution-based material 43 . Molecules from solution probably adsorb onto the TMDC nanosheets by non-covalent interactions, but more work is required to determine whether there is any effect on electronic properties.
The energy required to exfoliate layered crystals can be quantified from the surface energy, which is the energy to remove a monolayer from the crystal divided by twice the monolayer surface area. Experimental results derived from both exfoliation studies and inverse gas chromatography suggest that BN, MoS 2 , WS 2 and MoSe 2 have surface energies in the range 65-75 mJ m -2 (refs 43,60) . These values are comparable to the surface energy of graphene, which has been measured in the range 65-120 mJ m -2 (refs 61,62) , and they indicate that inorganic layered compounds can be exfoliated as easily as graphite, or even more easily.
The main advantage of ion exfoliation is that it gives a high yield of monolayers 49 , and improvements in Li intercalation by an electrochemical method have made the process faster and more controllable 50, 57 . But the flammability of the Li compounds under ambient conditions requires the work to be carried out under inert gas, and Li is an increasingly expensive resource, so there is incentive to find alternative intercalants. Liquid exfoliation is insensitive to ambient conditions, but it yields a relatively low concentration of monolayer flakes 43 . Thus, for electronic or photonic applications where monolayers are required, well-annealed ion-exfoliated nanosheets will be useful; but for applications such as composite materials where large quantities are required, it is possible that liquid exfoliation will be preferred. Rational control over nanosheet thickness and size is likely to be required for nanoelectronics and in particular optoelectronics. Also by analogy with graphene, new layer-controlled chemistries 63 and post-synthesis sorting of flakes by layer thickness 64 and lateral size 65 may offer solutions.
Bottom-up methods. Developing methods for synthesizing largearea and uniform layers is an important step for applications such as wafer-scale fabrication of electronic devices and flexible, transparent optoelectronics. As previously demonstrated for graphene, the development of wafer-scale synthesis methods via chemical vapour deposition (CVD) on metal substrates 66 and epitaxial growth on SiC substrates 67 has enabled large-scale device fabrication [68] [69] [70] . Some CVD methods for growing atomically thin films of MoS 2 on insulating substrates have recently been reported [71] [72] [73] . These methods use different solid precursors heated to high temperatures: sulphur powder and MoO 3 powder vaporized and co-deposited onto a nearby substrate 71, 74 ; a thin layer of Mo metal deposited onto a wafer heated with solid sulphur 72 ; and substrates dip-coated in a solution of (NH 4 ) 2 MoS 4 and heated in the presence of sulphur gas 73 . These CVD-related methods are summarized in Fig. 2c -e. In many of these methods, the final MoS 2 film thickness is dependent on the concentration or thickness of the initial precursor, although precise control of the number of layers over a large area has not yet been achieved. CVD growth of MoS 2 has also been demonstrated using previously CVD-grown graphene on Cu foil as a surface template, resulting in single-crystal flakes of MoS 2 several micrometres in lateral size 75 . These CVD reports are still relatively early results but hold promise that further work will lead to growth of materials other than MoS 2 , and production of uniform, large-area sheets of TMDCs with controllable layer number. 
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have described a number of methods to synthesize WS 2 , MoS 2 , WSe 2 and MoSe 2 , including the reaction of molybdic or tungstic acid with either thiourea or selenourea at elevated temperatures to give the corresponding layered TMDC material 78, 79 . Such methods give reasonably good-quality material with typical flake sizes of hundreds of nanometres to a few micrometres, although the flake thickness is not conclusively shown to be monolayers.
Electronic structure
Many TMDCs have band structures that are similar in their general features, as shown by first principles and tight-binding approximations 25, [80] [81] [82] [83] [84] [85] and measured using a variety of spectroscopic tools 31, 32, [86] [87] [88] [89] . In general, MoX 2 and WX 2 compounds are semiconducting whereas NbX 2 and TaX 2 are metallic 25, [80] [81] [82] [83] [84] . The band structures of bulk and monolayer MoS 2 and WS 2 calculated from first principles are shown in Fig. 3a ,b (ref. 25) . At the Γ-point, the bandgap transition is indirect for the bulk material, but gradually shifts to be direct for the monolayer 24, [73] [74] [75] [76] [77] . The direct excitonic transitions at the K-point remain relatively unchanged with layer number 32 .
The change in the band structure with layer number is due to quantum confinement and the resulting change in hybridization between p z orbitals on S atoms and d orbitals on Mo atoms 31, 32, 81 . The electronic distributions are also spatially correlated to the atomic structure 32 . For MoS 2 , density functional theory (DFT) calculations show that the conduction-band states at the K-point are mainly due to localized d orbitals on the Mo atoms, located in the middle of the S-Mo-S layer sandwiches and relatively unaffected by interlayer coupling. However, the states near the Γ-point are due to combinations of the antibonding p z -orbitals on the S atoms and the d orbitals on Mo atoms, and have a strong interlayer coupling effect 32 . Therefore, as the layer numbers change, the direct excitonic states near the K-point are relatively unchanged, but the transition at the Γ-point shift significantly from an indirect one to a larger, direct one. All MoX 2 and WX 2 compounds are expected to undergo a similar indirect-to direct-bandgap transformation with decreasing layer numbers, covering the bandgap energy range 1.1-1.9 eV (refs 25,81-84,90). The bulk and monolayer bandgaps for several TMDCs are summarized in Table 1 . The bandgap in most semiconducting TMDCs, whether in bulk or monolayer, are comparable to the 1.1-eV bandgap in silicon, as listed in Table 1 , making them suitable for use as digital transistors 91 . The electronic band structure also determines photophysical properties. The simplified band diagram in Fig. 5d shows the excitonic transitions A and B, and the direct and indirect bandgaps at E g and
The transition to a direct bandgap in the monolayer form has important implications for photonics, optoelectronics and sensing, as will be discussed in more detail below.
Electrical transport and devices
Materials for electronics. One of the most important applications of semiconductors is for transistors in digital electronics. In the past few decades, progress in the digital electronics industry has been driven by scaling transistors to ever-smaller dimensions. Currently, state-of-the-art processors have silicon-based metal-oxide-semiconductor field-effect transistors (MOSFETs) with feature lengths of 22 nm (ref. 92) . Subsequent reductions in scale will soon approach limits due to statistical and quantum effects and difficulty with heat dissipation 92 , motivating the search for new device concepts and materials. In particular, 2D semiconductor materials are attractive for processability and lack of short-channel effects that can hinder device performance 91 .
In the basic FET structure, which has been adapted to 2D TMDCs 11, 34 , a semiconducting channel region is connected to the source and drain electrodes, and separated by a dielectric layer from a gate electrode 93 . The current flowing between the source and drain electrodes is controlled by the gate electrode modulating the conductivity of the channel. Silicon is the primary material that meets the industrial requirements for performance and manufacturability in digital logic for computing, although other semiconductors such as SiC, GaN, Ge and GaAs have more specialized applications such as light-emitting diodes (LEDs), high-power electronics, high-temperature electronics, radiofrequency electronics and photovoltaics 94 . Other nanomaterials that are being explored and evaluated include carbon nanotubes 95, 96 , graphene 68, 70, 95 and semiconductor nanowires 97 . For digital logic transistors, desirable properties are high chargecarrier mobilities for fast operation, a high on/off ratio (that is, the ratio of on-state to off-state conductance) for effective switching, and high conductivity (that is, the product of charge density and mobility) and low off-state conductance for low power consumption during operation. In most semiconductors, doping can be used to increase the charge density, but can also lead to decreased mobility owing to scattering 92, 97, 98 . For digital logic, on/off ratios of 10 4 -10 7 are generally required for use as switches 91, 95 . Much interest in graphene has centred on electronic device applications because it is two-dimensional, it has exceptionally high carrier mobilities, and an external gate voltage can readily modulate its current flow. 91 Graphene has been used in high-frequency radiofrequency analog transistors with cutoff frequencies reaching hundreds of gigahertz, taking advantage of the high carrier mobilities and high transconductances [68] [69] [70] 91 . But the lack of bandgap in graphene means that it cannot achieve a low offstate current, limiting its use as a digital logic transistor. There is a clear need for new nanoelectronic materials with a sizable bandgap to support high on/off ratios while maintaining high carrier mobilities and scalability to ever-smaller dimensions.
Flexibility and transparency are also desirable characteristics for next-generation electronics. Researchers are now turning to TMDCs as ultrathin materials with tunable bandgaps that can be made into FETs with high on/off ratios 34, 98 . Two-dimensional semiconductors such as MoS 2 and others offer an important advantage when compared with classical 3D electronic materials: their subnanometre thickness. Coupled with a bandgap typically in the 1-2-eV range which can result in high on/off ratios, their extreme thinness allows more efficient control over switching 99 and can help to reduce short-channel effects and power dissipation, the main limiting factors to transistor miniaturization.
Transport and scattering mechanisms. In 2D TMDC layers, transport and scattering of the carriers are confined to the plane of the material. The mobility of carriers is affected by the following main scattering mechanisms 100, 101 : (i) acoustic and optical phonon scattering; (ii) Coulomb scattering at charged impurities; (iii) surface interface phonon scattering; and (iv) roughness scattering. The degree to which these scattering mechanisms affect the carrier mobility is also influenced by layer thickness, carrier density, temperature, effective carrier mass, electronic band structure and phonon band structure. Many of these scattering mechanisms are also seen in other semiconductors and in graphene 102, 103 . Carrier mobility is increasingly affected by phonon scattering with increasing temperature 104 . In 2D TMDCs, which have partially ionic bonds between the metal and chalcogen atoms, crystal deformation leads to polarization fields that can interact with and scatter electrons. Figure 3c shows the temperature dependence of electron mobility in single-layer MoS 2 calculated from first principles by Kaasbjerg et al. 104 . The mobility due to acoustic phonon scattering alone is shown along with the total effect of acoustic and optical phonon scattering. At low temperatures (T < 100 K), the acoustic component dominates, but at higher temperatures the optical component dominates. The effect of quenching the outof-plane homopolar mode, as would occur for top-gated devices, contributes only slightly to increasing the mobility (Fig. 3c) . The room-temperature mobility is limited to ~410 cm 2 V -1 s -1
, primarily owing to optical phonons 104 . Coulomb scattering in 2D TMDCs is caused by random charged impurities located within the 2D TMDC layer or on its surfaces, and is the dominant scattering effect at low temperatures, as it is for graphene 105 . Engineering the dielectric environment can enhance mobilities 106 , as has been demonstrated for graphene 107, 108 and for MoS 2 (ref. 34) . This Coulomb effect also generally limits the mobility of single-layer graphene to values around 10,000 cm 2 V -1 s -1 when it is placed on mildly dielectric materials such as SiO 2 (ref. 109 ). The carrier concentration and bandgap can be tuned by adding ionic impurities, but the mobility is also decreased through scattering, so the choice of doping level in a particular device can strongly influence its performance. The effect of carrier concentration and temperature on MoS 2 mobility is shown in Fig. 3d . The combined effect of phonons and charged impurities on the mobility of multilayer MoS 2 is shown in Fig. 3e , and shows a similar general trend to that of monolayer MoS 2 (ref. 110) .
By considering the mean free path of carriers, the impurity concentration required to make impurity scattering dominant over phonon scattering is calculated to be ~5 × 10 11 cm -2 , which corresponds to heavy doping 104 . These results show that the improvement in room-temperature mobility from ~0. 34 is primarily due to the dielectric screening of Coulomb scattering on charged impurities by using gate dielectric materials with a high dielectric constant. Further experiments are needed to clarify the relative roles of impurity and phonon scattering.
The effect of surface phonon scattering and roughness scattering can be very important in extremely thin 2D materials. In GaAs-based quantum wells, interfacial roughness scattering can dominate 111 . In the case of graphene, Coulomb scattering is dominant over short-range scattering and surface roughness in the form of ripples 103 . Graphene placed on a dielectric material such as SiO 2 , however, experiences scattering due to surface polar phonons in the SiO 2 (ref. 102) , and in freely suspended graphene 105, 109 the primary scattering is due to out-of-plane flexural phonons 112 . Additionally, freestanding MoS 2 has been shown to have similar ripples 113 to those in graphene, which may also contribute to scattering and mobility reduction. The phonon-limited roomtemperature mobility calculated by Kaasbjerg et al. 104 . Current-voltage curves for this FET are shown in Fig. 4b . The top-gated geometry allows for a reduction in the voltage necessary to switch the device while allowing the integration of multiple devices on the same substrate. The high-k dielectric used in this device, HfO 2 , also gave the additional benefit of improving the mobility of monolayer MoS 2 owing to dielectric engineering as discussed earlier 106, 107, 116, 117 . Topgating with a high-k dielectric was also used in a p-type FET with an active channel made of a monolayer flake of WSe 2 , which exhibited room-temperature performance of ~250 cm 2 V -1 s -1 hole mobility, ~60 mV per decade subthreshold swing and 10 6 on/off ratio 118 . Thin-film transistors made of MoS 2 from liquid exfoliation also have similar electrical performance 119 , suggesting possibilities for flexible, transparent, 2D electronic applications. The development of CVD synthesis methods for obtaining large areas of MoS 2 , as described earlier, is also important for wafer-scale fabrication of devices.
Theoretical simulations of single-layer MoS 2 transistor performance 82, 98 have quantified the expected resilience of MoS 2 to shortchannel effects due to its atomic-scale thickness. These calculations show that top-gated MoS 2 transistors with gate lengths of 15 nm could operate in the ballistic regime with on-current as high as 1.6 mA μm -1 , subthreshold swing close to 60 mV per dec and current on/off ratio of 10 10 . Simulated current-voltage curves for a singlelayer MoS 2 transistor at different operating conditions are shown in Fig. 4d (ref. 98) . Although MoS 2 will not compete with conventional III-V transistors on mobility values alone, its attractive electrical REVIEW ARTICLE performance characteristics, relatively high Earth abundance and high degree of electrostatic control could make MoS 2 a viable candidate for low-power electronics 98 . Radisavljevic et al. 35 recently demonstrated that they could build functional electronic circuits based on multiple 2D TMDC transistors capable of performing digital logic operations. Up to six independently switchable transistors were fabricated on the same piece of monolayer MoS 2 by lithographically patterning multiple sets of electrodes (Fig. 4c) 
35
. An integrated circuit composed of two transistors fabricated on a single flake of MoS 2 was operated as a logical inverter, which converts a logical 0 into a logical 1, and as a logical NOR gate 35 , which is one of the universal gates that can be built 121 . Ambipolar transport was demonstrated in a thin (10-nm-thick) MoS 2 electric double-layer transistor (EDTL) using an ionic liquid as the gate (Fig. 4e ) to reach extremely high carrier concentrations of 1 × 10 14 cm 2 (ref. 41) . The demonstration of both n-and p-type transport will be useful for applications like CMOS logic and p-njunction optoelectronics. The on/off ratio was >200 in the device, but is much lower than the single-layer device described above 34 , mainly because of the off-current passing through the bulk of the flakes 41 . The transfer curves (source-drain current as a function of gate voltage) for thin-flake and bulk MoS 2 ambipolar devices are shown in Fig. 4f . Another potential application is in a 2D TMDC analogue of high-electron-mobility transistors (HEMTs), which are conventionally fabricated from planar junctions of semiconductors of different bandgaps such as GaAs and AlGaAs using molecular beam evaporation techniques 124 . In these devices, the semiconductor with the smaller bandgap is highly doped whereas the one with the larger bandgap is left undoped, such that when the two layers are brought into contact the electrons from the doped layer move to the undoped layer and are free to move with minimal scattering from dopants. TMDCs could be adapted to this device architecture because the different TMDCs have a range of bandgaps (Table 1) and similar lattice constants 83 . They are also generally more Earth-abundant and processable than current materials. The proposed 2D TMDC HEMT device is shown in Fig. 4g , where a highly doped TMDC layer is interfaced with an undoped layer. The gate electrode modulating the signal through the device is generally a reverse-biased Schottky contact. Some of the limitations of TMDCs in electronic devices, however, include the relatively high effective mass of carriers and relatively low carrier mobility values 98 , which may restrict certain high-performance applications.
Another promising research direction is the stacking of different 2D layered materials together to make vertical heterostructures and hybrid devices with operating principles that are unlike conventional devices. Recently, a new device architecture called a field-effect tunnelling transistor was put forth 125 , in which a high switching ratio was achieved using two independently controlled graphene layers are separated by thin MoS 2 or hexagonal boron nitride (hBN) layers acting as tunnelling barriers.
Optoelectronics
Optoelectronic devices are electronic devices that can generate, detect, interact with or control light. Nanomaterials such as carbon nanotubes, semiconductor quantum dots and nanowires have been much studied for use in optoelectronic applications such as lasers, LEDs, solar cells, optical switches, photodetectors and displays 96, [126] [127] [128] . Optoelectronic devices that are flexible and transparent are expected to become increasingly important in solar arrays, wearable electronics and transparent displays. The electronic band structures of semiconductors directly influence their ability to absorb and emit light. For semiconductors with a direct bandgap, photons with energy greater than the bandgap energy can be readily absorbed or emitted. For indirect bandgaps, an additional phonon must be absorbed or emitted to supply the difference in momentum, making the photon absorption or emission process much less efficient. Because single-layer TMDCs have primarily direct semiconducting bandgaps, they are of great interest for applications in optoelectronics, and because they are atomically thin and processable, they have great potential for flexible and transparent optoelectronics.
Optical and vibrational properties of TMDCs. The electronic band structures of TMDCs described earlier directly influence their optical properties. For MoS 2 , the change from indirect to direct bandgap and increase in bandgap energy is observed in changes in photoconductivity, absorption spectra and photoluminescence 25, 31, 32 . This shift results in up to a factor of 10 4 increase in photoluminescence quantum yield from bulk to monolayer MoS 2 , with even higher quantum yield for regions of the MoS 2 monolayer flake suspended over holes in the substrate (Fig. 5e) 
31
. But the overall quantum yield of MoS 2 measured so far -about 10 -5 -10
-6 for few-layer samples and up to 4 × 10 -3 for monolayer samples 31 -is significantly lower than the near-unity values that would be expected for a direct-gap semiconductor. The observations of quantum yield being higher for suspended samples 31 and samples placed on hBN substrates 26 than on SiO 2 suggest that more work is needed to understand and control the quenching mechanisms in MoS 2 and other TMDCs, and to increase the quantum yield for future optoelectronic applications.
The main peak of the monolayer MoS 2 photoluminescence spectrum is the direct-gap luminescence feature at 1.9 eV (ref. 31) , as seen in Fig. 5f , whereas few-layer MoS 2 also has additional peaks corresponding to the indirect-gap luminescence, and direct-gap hot luminescence 31 . The photoconductivity of TMDCs also reflects these band-structure features, with the photocurrent of MoS 2 increasing in steps with respect to photon energy corresponding to the direct and indirect gap energies 31 . The optical absorption spectrum of bulk MoS 2 shows two main peaks corresponding to exciton bands, the so-called A and B excitons: direct-gap transitions at the K-point of the Brillouin zone between the maxima of split valence bands and the minimum of the conduction band 31, 32, 129 (Fig. 5d) . Calculations have shown that the A and B excitons correspond to the expected energies of the gap energies at the K-point 130 , where the band splitting is due to spin-orbit coupling in monolayer MoS 2 (spin-orbit effects are described in more detail below). The calculations have also shown that the exciton binding energies are quite high owing to the decreased dielectric constants compared with the bulk, as well as the 2D confinement: about 0.897 eV for monolayer MoS 2 and 0.424 eV for bilayer 131 . We also note that in these calculations the transition energy of the excitons is offset by the exciton binding energy, and so the energy required to create an exciton would be much lower than the bandgap, and that the optical transition energies are not equivalent to the transport bandgap energies.
The phonon dispersions of MoS 2 and WS 2 have been calculated ab initio 132 , and that of MoS 2 was correlated with experimental Raman spectra 30 . The main Raman peaks correspond to the inplane E 1 2g and E 1u phonon modes, and the out-of-plane A 1g mode (Fig. 5a ). For decreasing layer thickness, the A 1g mode near 406 cm -1 decreases in frequency whereas the E 1 2g mode near 382 cm -1 increases (Fig. 5b) 
30
. These peak position shifts allow layer thicknesses to be identified through Raman spectroscopy. The origins of the shifts have been identified as the influence of neighbouring layers on the effective restoring forces on atoms and the increase of dielectric screening of long-range Coulomb interactions 132 .
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Flexible and transparent optoelectronics. The realization of flexible and transparent optoelectronics in applications such as displays and wearable electronics will require a wide variety of transparent and flexible components such as conductors, semiconductors, optical absorbers, light emitters and dielectrics. These diverse functionalities will require integrating different classes of 2D materials with different properties. For transparent conductors, graphene's high conductivity and low broadband absorption makes it a promising flexible and earth-abundant replacement [133] [134] [135] [136] for the current leading material, indium tin oxide, which is inflexible and increasingly expensive owing to the scarcity of indium. For semiconducting components with tunable bandgaps, 2D TMDCs are a promising choice and can be formed into light-absorbing components or light-emitting devices. For 2D dielectrics, materials such as layered perovskites 10 and BN (ref. 12) are promising.
Photovoltaics and photodetection. The relatively high Earth abundance of TMDCs and their direct bandgaps in the visible range make them attractive as the light-absorbing material in alternative thin-film solar cells 137 , including flexible photovoltaics that could coat buildings and curved structures. The workfunctions and conduction-and valence-band edges of several TMDCs are compatible with the workfunctions of commonly used electrode materials [138] [139] [140] . Moreover, the ability to tune the bandgap of TMDCs with various intercalants such as metal ions and organic molecules 141, 142 may allow optical absorbances to be tuned in photovoltaic applications.
A variety of roles for TMDCs in photovoltaics and photodetectors has been demonstrated. Thin films of MoS 2 and WS 2 are photosensitive 143 , and a phototransistor made from a single layer of MoS 2 has shown its potential as a photodetector (Fig. 6a-d ) 39 . The photocurrent in this device depends on the incident light intensity, responds within 50 ms to changes in light levels and has high photoresponsivity. By using MoS 2 layers of different thicknesses, photodetection of different wavelengths can be tuned. Lee et al. 144 have demonstrated that single-and double-layer MoS 2 , with respective bandgap energies of 1.8 and 1.65 eV, are effective for detecting green light, and triple-layer MoS 2 with a bandgap of 1.35 eV is well suited for red light. A bulk heterojunction solar cell made from TiO 2 nanoparticles, MoS 2 atomic layer nanosheets and poly(3-hexylthiophene) (P3HT) was recently demonstrated with 1.3% photoconversion efficiency 145 . Similarly, electrochemical solar cells with TiO 2 were sensitized with WS 2 , which acts as a stable, inorganic absorber material 146, 147 . TMDCs have also been demonstrated as conductors and electron-blocking layers in polymer LEDs 53, 148 . In Fig. 6e ,f, two proposed devices that incorporate materials with different bandgaps are shown: multijunction solar cells like these would allow photons of different energies in the full solar spectrum to be efficiently absorbed, reducing losses due to thermalization 149 . These structures could potentially be constructed using different TMDCs with varying bandgaps, which range from the visible to the near-infrared, as summarized in Table 1 . The layer-dependent photodetector 144 discussed earlier demonstrates how light of different wavelengths can be preferentially absorbed by tuning the bandgap.
Light emission. Electroluminescence and photoluminescence are two important categories. In electroluminescence, photons are emitted in response to electrical stimulus; this mode is useful in optoelectronic devices such as LEDs and diode lasers. In photoluminescence, the material absorbs a photon and then re-radiates a photon, sometimes at a different energy. In direct-bandgap semiconductors, the radiative recombination of electrons and holes produces photons, and occurs much more efficiently than in indirect-bandgap semiconductors. The direct bandgaps of monolayer semiconducting TMDCs make them ideal candidates for the active light-emitting layer in future flexible optoelectronics, unlike graphene, which lacks a bandgap and requires chemical treatments to induce local bandgaps that photoluminesce 150, 151 . Examples of electroluminescence in TMDCs include MoS 2 emitting light by electrical excitation through Au nano-contacts 152 , and electroluminescence from SnS 2 exfoliated from lithium intercalation and incorporated into a composite polymer matrix 56 . Photoluminescence is seen in monolayer MoS 2 , which has a direct bandgap, and the quantum yield of the monolayer photoluminescence is much higher than for bilayer and bulk MoS 2 (refs 32, 49) . As mentioned earlier, however, the photoluminescent quantum yield measured so far in MoS 2 is much lower than would be expected for a direct-gap semiconductor, and much work will be required to understand the photoluminescence emission and quenching processes before many feasible optoelectronic devices can be made.
Spin, orbit and valley interactions
Electronic and spintronic devices use electronic charge and spin, respectively, to carry signals. The valley index is another property of charge carriers that can be exploited, and it refers to the confinement of electrons or holes in distinct conduction-band minima or valence-band maxima at the same energies but different positions in momentum space, leading to potential 'valleytronic' devices 153 . Materials that have strong spin splitting, which can be due to various effects that push the system out of equilibrium or due to symmetry breaking, allow spin-polarized carrier populations to be maintained, and are needed for spintronic devices.
In the group-IV semiconducting dichalcogenides (MoS 2 , MoSe 2 , WS 2 and WSe 2 ), a unique set of conditions gives rise to both strong spin-orbit-induced electronic band splitting 154 and spin-valley coupling 153 . Monolayer TMDCs such as MoS 2 lack inversion symmetry, as seen in the structural diagrams in Fig. 1e (ref. 153) , unlike graphene or bilayer MoS 2 , which are centrosymmetric. The lack of inversion symmetry, confinement of electron motion in plane and high mass of the elements in the MX 2 materials lead to a very strong spin-orbit splitting, with the valence-band splittings ranging between 0.15 and 0.45 eV (ref. 154) . This is in contrast to graphene, which has very weak spin-orbit interaction primarily owing to the low mass of carbon. The strong spin splitting in the MX 2 materials makes them promising candidates for spintronic devices.
The lack of inversion symmetry along with strong spin-orbit coupling also leads to the coupling of spin and valley physics 153 . Experimental evidence of valley confinement has been seen in monolayer MoS 2 , where the carrier populations in distinct valleys can be controlled by optically exciting the samples with circularly polarized light, as recently demonstrated by three independent groups [26] [27] [28] . This development may be the first step towards a new field of valleytronic devices 155, 156 . These spin, orbit and valley properties are quite distinctive in TMDCs and may lead to as yet unforeseen applications.
Molecular sensing applications
The electronic, optoelectronic and chemical properties of TMDCs suggest opportunities in molecular sensing applications. As 2D materials, their high surface-to-volume ratio makes them particularly sensitive to changes in their surroundings. On exposure to gases and vapours, there can be changes such as charge transfer and doping, intercalation, and shifts in permittivity and lattice vibrations. For example, gas sensors from a graphene-based FET can perform with high sensitivity and low noise. The detection mechanism is due to adsorbed molecules transferring charge to the graphene sheet and changing its resistivity [157] [158] [159] . Changes to the electronic properties of TMDCs caused by the presence of adsorbates can be detected electrically by incorporating the TMDCs into transistor devices and measuring the current-voltage behaviour, or optically by changes in the photoluminescence, absorbance or Raman spectra. For example, intercalation with Li + ions causes an upshift in the MoS 2 Raman A 1g and E 1 2g peak positions and a decrease in peak intensities, probably owing to strain introduced by the Li + entering interstitial sites 74, 160 . The photoluminescence of monolayer MoS 2 also suggests applications in biosensing, where stable fluorescent markers are of importance for imaging and fluorometric assays.
Transistors made from single-and few-layer MoS 2 sheets have been demonstrated to be sensitive detectors for NO gas 161 . The detection mechanism is probably due to p-doping induced by the adsorbed NO, changing the resistivity of the intrinsically n-doped MoS 2 . Similarly, flexible thin-film transistors with active regions composed of MoS 2 generated from the electrochemical lithiation and exfoliation technique 50 have been demonstrated as sensitive NO 2 gas detectors 122 . Thin-film humidity sensors made from liquid-phase exfoliated VS 2 nanosheets have been incorporated into a sensor array that can detect the moisture from fingers 40 . The conductivity in these sensors is modulated by the presence of water molecules, which inhibit conduction along V atoms at flake edges 40 .
Transistors made from MoS 2 also exhibit humidity-dependent hysteresis in their current-voltage behaviour, probably owing to water molecules easily adsorbing onto the hydrophilic MoS 2 surface and being polarized by the applied gate voltage 162 . Finally, MoS 2 flakes incorporated into a glassy carbon electrode in an electrochemical cell can be electrochemically reduced, and this reduced material has been shown to have electrochemical sensitivity toward glucose and biomolecules such as dopamine 163 .
2D materials for the future
Layered TMDC materials have been known and studied for decades, but their properties as atomically thin, 2D forms are a relatively new and exciting area for nanotechnology, with many promising applications in nanoelectronics and optoelectronics. The large bandgaps seen in several members of the TMDC family make them attractive channel materials in logic transistors, and the direct bandgaps in several single-layer TMDCs open up many prospects in optoelectronics. Two-dimensional MoS 2 has been used to demonstrate transistors with high on/off ratios and integrated circuits with logic operation, as well as chemical and gas sensors. Unusual properties such as valley polarization and a strong spin-orbit effect have also been demonstrated. In studying the physics and chemistry of 2D TMDCs, researchers will be able to draw upon the previous research on the bulk TMDCs' intercalation chemistry, materials processing and characterization, along with techniques for device fabrication and nanoscale characterization developed with carbon nanotubes and graphene. But 2D TMDCs have many distinctive properties that are not seen in other materials systems, and as researchers learn more about them, there are sure to be unexpected and exciting applications.
In the next few years, progress in this field will require advances in scalable and controllable sample preparation to make large amounts of atomically thin and uniform TMDC layers, either in solution or on substrates. For solution-phase preparation, the challenges include methods to control the area and thickness of either exfoliated or chemically grown flakes, and to find new methods and chemicals that can efficiently and safely produce these materials in large volumes. For solid-state samples, crystal growth methods need to improve to achieve large areas, large grain sizes, uniformity and control of layer number. Access to high-quality samples will enable more researchers to better understand the physical and chemical properties of TMDCs, as well as pursue a wide variety of applications. The properties and applications of 2D TDMC materials are a relatively new but exciting and rapidly expanding area of research.
